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A solvent-free fabrication of Ti0 2 and ZnO nanonetworks is demonstrated by using supramolecular 
nanotemplates with high coating conformity, uniformity, and atomic scale size control. Deposition of Ti0 2 
and ZnO on three-dimensional nanofibrous network template is accomplished. Ultrafine control over 
nanotube diameter allows robust and systematic evaluation of the electrochemical properties of Ti0 2 and 
ZnO nanonetworks in terms of size-function relationship. We observe hypsochromic shift in UV 
absorbance maxima correlated with decrease in wall thickness of the nanotubes. Photocatalytic activities of 
anatase Ti0 2 and hexagonal wurtzite ZnO nanonetworks are found to be dependent on both the wall 
thickness and total surface area per unit of mass. Wall thickness has effect on photoexcitation properties of 
both Ti0 2 and ZnO due to band gap energies and total surface area per unit of mass. The present work is a 
successful example that concentrates on nanofabrication of intact three-dimensional semiconductor 
nanonetworks with controlled band gap energies. 

I nterest in developing novel fabrication strategies at the nanometer scale has continued to rise over the last 
I decade. The main motivations behind crafting materials at smaller dimensions have been to increase the 
I surface-to-volume ratio and to reduce diffusion path length. Nano-crafted materials can also manifest emer- 
gent electronic and optical properties 1 . Superior control over the size, shape, and uniformity of the materials 
constitute the principal parameters within the context of nanofabrication. Materials in different size and archi- 
tectures, such as, zero -dimensional nanoparticles; one- dimensional nanowires, nanotubes; two-dimensional 
nanosheets; and three-dimensional mesoporous structures, and nanonetworks have been fabricated and their 
properties in desired applications have been closely investigated 2 " 10 . Among these, nanonetwork architecture, 
which can be defined as isotropically distributed, three-dimensional interconnected nanowires, draws particular 
attention for its high surface area and porosity, which allow robust interaction with the solvent and solute 
molecules. Interconnected intact structure of the nanonetwork, extending millimeter-to-centimeter scales, pro- 
vides practical applicability in device designs. Various materials fabricated in the structure of nanonetwork 
exhibited superior performance in energy, sustainability, and biomedical applications 311 " 15 . 

Template- directed mineralization is regarded as a promising nanofabrication strategy, because both physical 
and chemical cues presented by the template allow control over the size and structure of the resulting materials. As 
opposed to hard (inorganic) templates, soft (organic) templates are particularly attractive due to relative ease of 
modification over the chemical functionality, architecture diversity, and physical properties of the template 5,9 . 
However, low chemical stability at high temperature, liability to organic solvents, and fast chemical degradation 
remain as the major challenges with organic templates 16 . Incomplete template coverage and thickness control are 
the further challenges in organic templates 4 . Maintaining structural conformity and uniformity of the deposit is 
another unresolved issue on macroscopic three-dimensional templates (mm-to-cm scale) having nanoscale 
architecture with ultra-high-aspect-ratio components. 

Ti0 2 and ZnO nanostructures have been widely used in photocatalytic self-cleaning surfaces, piezoelectric 
devices, chemical sensing, and dye-sensitized solar cell applications mainly due to their suitable electrochemical 
properties, excellent solution stability, and relatively low toxicity 41517 " 19 . Having relatively high band gap energies 
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(3.00-3.30 eV), Ti0 2 and ZnO can generate excited-state conduc- 
tion-band electrons and valence-band holes with large redox poten- 
tial differences upon photoexcitation in the ultraviolet domain of the 
spectrum. This property has been utilized for a variety of photoca- 
talytic applications in aqueous environment, such as artificial pho- 
tosynthesis, decomposition of potentially toxic organic materials, 
cancer treatment, and hydrogen gas production for clean, renewable 
energy 20 . A convenient, template-based manufacturing of these 
materials in nanoscale is of particular significance. 

Motivated by our recent work on bioinspired supramolecular tem- 
plate directed nanostructure fabrications 5,9 ' 21 , bioinspired peptide 
nanofiber templates (5-7 nm in diameter) combined with an 
atomic-layer controlled thin-film deposition technique can form a 
nanofabrication platform to efficiently fabricate transition metal 
compounds on a nanonetwork template. Here, we describe utiliza- 
tion of bioinspired self- assembled peptide nanonetwork as template 
for fabrication of Ti0 2 and ZnO nanonetwork semiconductors 
(Fig. 1). For this purpose, we designed and synthesized a mussel- 
inspired peptide amphiphile molecule, Dopa-PA, which efficiently 
self-assembles into mechanically intact nanofibrous network with 
thin fiber diameter (6.3 ±1.0 nm) having good adhesive properties 
to the solid support 22 " 24 . These three-dimensional nanofibrous pep- 
tide nanonetworks can reach to the length scales of millimeter and 
centimeter in all three dimensions. We demonstrate that Ti0 2 and 
ZnO nanonetworks can be reliably deposited on dried self-assembled 
peptide nanonetwork template with significant uniformity and 
exceptionally high conformity via atomic layer deposition (ALD) 
technique 25 . Due to separate dosing of reactive gaseous precursors 
and limited number of surface reaction sites, ALD is intrinsically 



self-limiting. This unique reaction property leads to uniform and 
highly conformal deposition on ultra-high-aspect-ratio surfaces 
(>1000) where conventional sol-gel, chemical and physical vapor 
deposition techniques fall short 25 . In a typical ALD process, growth 
per cycle (GPC) is constant and in the order of angstrom level. 
Furthermore, gaseous precursor molecules could directly penetrate 
inside the porous structures without mechanically destroying, or 
dissolving, relatively weak organic architecture at comparatively 
lower temperatures 26 . 

The Ti0 2 and ZnO nanonetworks produced by peptide nanofi- 
brous network templates and ALD technique were characterized by 
XRD, XPS, TGA, SEM, TEM, and EDX. Since deposition occurs at 
the atomic scale, we systematically evaluated the electrochemical 
properties of Ti0 2 and ZnO nanonetworks and studied size-function 
relationship. 

Results 

Synthesis and preparation of the peptide template for ALD. Self- 
assembly of peptide molecules into high-aspect-ratio nanofibers was 
triggered by increase of the pH of the peptide solution to ~ 10 
(Fig. lb and Supplementary Fig. SI). Individual nanofibers form- 
ing the hydrogel network were determined to be 6.3 ±1.0 nm in 
diameter and several tens of micrometers in length by TEM. 
Nevertheless, few bundles of nanofibers, in the range of 10.6- 
28.3 nm in diameter, were also observed. SEM images showed that 
the drying procedure did not cause any noticeable damage on the 
structure of the network (Fig. Id). In addition, there were no macro 
level cracks and no shrinkage in the dimensions of the network upon 
drying. 




at pH ~3 1 wt% hydrogel Dry nanonetwork template 



Self-assembled Organic-inorganic 




Oxidant pulse dpA 6.3 ± 1 .0 nm 

Figure 1 | Strategy for three-dimensional nanofabrication of Ti0 2 and ZnO nanonetworks on supramolecular nanofibers of peptide amphiphile 
nanonetwork. (a). Chemical sketch of Dopa-PA, the building block of the self- assembled network, (b). TEM micrograph showing self-assembled 
nanofibers at pH 10. (c). The pH-dependent gelation of Dopa-PA network in water and controlled removal of the solvent through critical point drying, 
(d). Three-dimensional macrostructure (left) of the nanofibrous template (SEM image, right) after drying, t is the thickness, D is the diameter of the 
template used for ALD. (e). A schematic representation of Ti0 2 and ZnO organic-inorganic core-shell nanonetwork formation through ALD. 
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Characterization of Ti0 2 and ZnO nanonetworks. Dopa-PA 
nanonetworks were coated with Ti0 2 and ZnO separately, forming 
organic-inorganic core-shell nanostructures, as schematically shown 
in Figure le. SEM images revealed nanofibrous networks of Ti0 2 and 
ZnO deposited with 350 and 100 ALD cycles, respectively (Fig. 2a-b, 
e-f). The inorganic nanofibers are interconnected to each other 
forming continuous three-dimensional network structures. The 
whole inorganic network was true replica of the core peptide net- 
work. Both Ti0 2 and ZnO core-shell nanonetworks remained intact 
after atomic layer deposition, resulting in one whole nanonetwork in 
mm to cm scale. Both energy dispersive X-ray spectroscopy (EDX) 
(Fig. 2c, g and Supplementary Fig. S4) and X-ray photoelectron 
spectroscopy (XPS) (Supplementary Fig. S3a-b) independently 
confirmed the Ti0 2 and ZnO deposition. High resolution XPS 
scans of Ti 2p 3/2 and Ti 2p 1/2 peaks located at 459.2 and 465.2 eV, 
respectively, and Zn 2p 3/2 and Zn 2p 1/2 peaks located at 1044.8 and 
1021.8 eV, respectively, were in agreement with the previously 
reported data for Ti0 2 and ZnO 27 " 30 . Thermogravimetric analyses 
(TGA) revealed that 68.74% of the organic-inorganic composite 
structure consisted of Ti0 2 and 85.51% was ZnO (Supplementary 
Fig. S3c). In terms of surface morphology, Ti0 2 shell was smooth 
along the length of the nanofibers while ZnO shell was more irregular 
depending on the crystal structure of the nanotubes. Brunauer- 
Emmett-Teller (BET) surface areas for these nanonetworks were 
estimated to be 34.54 m 2 /g for as-synthesized (without calcination) 
Ti0 2 and 93.99 m 2 /g for as-synthesized ZnO. X-ray diffraction 
(XRD) analysis showed that as-synthesized Ti0 2 nanonetwork was 
amorphous (Fig. 2d). Anatase phase of Ti0 2 is known to be the most 
efficient morphology with a band gap energy of 3.2 eV and suitable 
band- edge positions to split water into highly oxidative hydroxyl 
radicals and peroxides 7 . A common strategy for the phase transi- 
tion is to anneal the amorphous Ti0 2 at sufficiently high tempera- 
tures. Anatase phase can be obtained by calcination at 300-500°C, 
while > 550°C is required for rutile phase transformation at ambient 
conditions. Accordingly, we calcined Ti0 2 nanonetwork at 450°C. 
An amorphous-to-anatase phase transition took place while the 
nanofibrous network was thoroughly preserved (Fig. 3a-d) 31 . On 
the other hand, as-synthesized ZnO nanonetwork exhibited hexa- 
gonal wurtzite crystal structure (Fig. 2h). This is thermodynami- 
cally the most stable phase of ZnO at ambient conditions having 
the same band gap energy of anatase Ti0 2 (3.2 eV) 19 . Calcination 



of this network at 450°C did not alter the nanonetwork architecture 
and its crystal structure (Fig. 3e-h). 

Atomic layer size control of the semiconductor nanotubes. The 

diameter of Ti0 2 nanotubes linearly decreased from 52.0 ± 5.0 to 
13.4 ± 1.8 nm with decreased ALD cycles from 350 to 50. In the 
same trend, the diameter of ZnO nanotubes linearly decreased from 
37.4 ± 5.6 (100 cycles) to 13.9 ± 2.4 nm (25 cycles) (Fig. 4). Growth 
per cycle (GPC) was found to be 0.56 A for Ti0 2 and 1.55 A for ZnO 
(Fig. 4b,d, Supplementary Figure S6 and Supplementary Table 1). 
The growth rates on three-dimensional networks were in good 
agreement with spectroscopic ellipsometry measurements acquired 
on flat silicon surfaces coated with Ti0 2 and ZnO by using the same 
ALD method. After calcination, the diameter of Ti0 2 and ZnO 
nanotubes negligibly changed (Supplementary Fig. S7). In ZnO 
nanotubes, we observed morphological differences in TEM images. 
The peptide cores were filled with ZnO crystals while the total 
diameter remained same as before calcination. ZnO nanotubes 
formed a necklace-like structure at 20 nm and smaller nanotube 
diameters. On the other hand, the network underwent sintering at 
10 nm and the integrity of the fibrous architecture was largely lost. 

Size-function relationship. As Ti0 2 and ZnO nanonetworks with 
tuned thicknesses (from ~ 13 nm to ~ 50 nm diameters with 
~ 3 nm to ~ 20 nm wall thicknesses) were easily prepared by 
simply altering the number of ALD cycles, we safely explored the 
relationship between band gap energy and wall thickness (or 
nanotube diameter) (Supplementary Table SI). In the UV-Vis 
absorption spectra of the nanonetworks, significant hypsochromic 
shifts (AX = 10-20 nm) were observed for both anatase Ti0 2 and 
wurtzite ZnO as the wall thicknesses decreased below approximately 
8 nm (Fig. 5), indicating an increase in energy gap between valence 
band and conduction band states. In parallel, we also noted a 
dramatic decrease of the relative absorbance at the photoexcitation 
wavelength (365 nm) when the wall thicknesses are below 8 nm. The 
photocatalytic activities of both semiconductors exhibited consi- 
derable decrease below the wall thicknesses ~ 8 nm. For Ti0 2 
nanonetworks, methylene blue degradation rate increased as the 
wall thickness decreased from 19.7 nm to 8.7 nm (Fig. 6a). For 
ZnO nanonetworks, methylene blue degradation rate remained 
almost the same (with barely detectable increase) as the wall 
thickness decreased from 15.5 nm to 8.3 nm (Fig. 6b). However, 
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Figure 3 | Characterization of calcined Ti0 2 and ZnO nanonetworks prepared by the deposition of 350 and 100 ALD cycles, respectively. 

(a, b). SEM images, (c). EDX spectrum, and (d). XRD pattern of Ti0 2 nanonetwork corresponding to anatase phase, (e, f). SEM images, (g). EDX 
spectrum, and (h). XRD pattern of ZnO nanonetwork corresponding to a wurtzite structure. 



this trend sharply deviated at 3.1 nm and 3.8 nm for Ti0 2 and ZnO, 
respectively. 



adsorption on nanonetwork Ti0 2 was higher than that of non- 
templated (Supplementary Fig. SlOd). 



Photoexcitation of surface-immobilized Ti0 2 and ZnO nano- 
networks. Semiconductor nanonetworks were further prepared on 
solid supports by using peptide nanofiber templates as shown in 
Figure 1. As a control, flat inorganic substrates without peptide 
nanofiber template were also prepared by ALD with the same 
average wall thickness of the constituent nanotubes. Under UV 
irradiation, 69% and 63% of methylene blue was degraded by the 
end of 7 h by using peptide nanofiber templated Ti0 2 and ZnO 
networks, respectively (Supplementary Fig. S9). Methylene blue 
degradation by non-templated Ti0 2 and ZnO catalysts, however, 
remained only at 7% and 9%, respectively. The photoexcitation 
efficiency of templated Ti0 2 nanonetwork was 2.62 folds 
(calculated based on the t 1/2 templated/t 1/2 non-templated ratio) 
greater than that of non-templated solution- synthesized anatase 
Ti0 2 (Supplementary Fig. SlOa-c). The rate of methylene blue 



Discussion 

Self-assembly of bioinspired peptide molecules forms isotropically 
distributed nanofibers providing a highly porous and homogenous 
three-dimensional nanonetwork as described in Figure 1. A peptide 
amphiphile (PA) molecule with a sequence of Lauryl-Val-Val- 
Ala-Gly-Lys-Dopa-Am (Dopa-PA) was designed and synthesized 
(Fig. la and Supplementary Fig. S2). A self-assembling peptide 
amphiphile is comprised of a hydrophobic alkyl group (lauryl) con- 
jugated to a hydrophilic peptide segment 32 . Catechol group on Dopa 
residue is known to be critical for the mechanical strength of the 
initial hydrogel network, providing structural and surface stability 
during sample preparation and relatively high temperatures at 
ALD 22 . The majority of the reported template thicknesses for fibrous 
self-assembled peptide or polymer templates for mineral deposition 
are in the range of 20-100 nm 5,9,21,33 " 36 . Nanofibrous materials with a 
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Figure 4 | Size-controlled deposition of Ti0 2 and ZnO on peptide nanonetwork template through ALD cycle number. Representative TEM 
images of as -synthesized (a). Ti0 2 , (c). ZnO nanotubes at varying ALD cycle numbers, which facilitate fabrication of the core-shell nanotubes at desired 
diameters. Images also show high levels of coating conformality on peptide nanofibers. (b, d). Deposition parameters: wall thicknesses, nanotube 
diameters, and growth per cycle (GPC), as a function of the number of ALD cycles for Ti0 2 and ZnO, respectively. Error bars indicate standard deviation. 
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Figure 5 | UV-Vis spectra of (a), anatase Ti0 2 , (b). wurtzite ZnO 
nanonetworks. 



diameter of less than 10 nm, is rare (particularly for three-dimen- 
sional networks). The dimensions of the gel can be expanded to 
couple of centimeters in both height and diameter without destruct- 
ing its homogeneity and forming macroscale cracks in the template 
network. In order to obtain a dry peptide network, solvent in the gel 
was removed by critical point drying, which had been proposed to be 
a reliable route to obtain undamaged dry peptide network of the gel 37 . 
It is imperative to maintain the porosity of the network without any 
degree of collapse, because our fabrication strategy depends on the 
delivery of gaseous precursors across the whole template through 
such nanoscale meshes to maximize the specific surface area. Well- 
preserved network structure showed Dopa-PA nanofibrous template 
can withstand temperatures up to 150°C without any structural 
damage on the supramolecular architecture 33 . The catechol groups 
on the peptide nanofibers undergo covalent crosslinking above pH 
8.5, which strengthens the network against destabilizing factors 22 . 
The diameters of both Ti0 2 and ZnO nanonetworks were uniformly 
and precisely modulated by simply altering the total number of ALD 
cycles. The linear relationship was due to the constant deposition rate 
at each cycle. Angstrom level precision in each deposition cycle 
brings about powerful tunability over the nanotube diameter. TEM 
images of both Ti0 2 and ZnO nanotubes showed complete template 
coverage with homogenous deposition and high degree of coating 
conformity revealing the superiority of ALD for the fabrication of 
ultra-high-surface-area materials with three-dimensional structure 
(Fig. 4a, c and Supplementary Fig. S5). Slight deviation (10-15%) in 
the nanotube diameters of both Ti0 2 and ZnO was observed, pos- 
sibly due to the formation of few Dopa-PA nanofiber bundles, which 
increased the core size of the inorganic nanotube. Less efficient dif- 
fusion of the precursor molecules into the centimeter scale network 
could contribute to the deviation. The growing inorganic thickness 
narrows the mesh size, and hence the deviation from the average wall 
thickness increases (Supplementary Fig. S6). Nonetheless, to best of 
our knowledge, this uniformity is far superior to any wet- chemistry- 
involved protocol reported and thus represents a better alternative to 
the current methods. 

Photoexcitation of Ti0 2 and ZnO semiconductor nanonetworks 
were characterized by monitoring decomposition of a model organic 
dye methylene blue (Supplementary Fig. S8) under UV irradiation. 
The specific surface area of the nanonetwork is inversely propor- 
tional to the wall thickness (or diameter of the nanotube) per unit 
mass. Therefore, decreasing the wall thickness is expected to increase 
the photoexcitation efficiency since higher number of hot spots per 
unit of mass becomes available for the reaction. The reduction in 
absorbance at photoexcitation wavelength decreases the number of 
photons absorbed by the nanotubes, which results in a reduction in 
the number of photogenerated electron-hole pairs formed for the 
same amount of photocatalyst. Therefore, for the present Ti0 2 and 
ZnO nanonetworks, we conclude that the observed optical changes 
play a major role in decreased photoexcitation efficiency below 




Figure 6 | Photoexcitation of Ti0 2 and ZnO nanonetworks as a function 
of nanotube wall thicknesses. Degradation of methylene blue through the 
photocatalytic activity of (a). Ti0 2 , (b). ZnO nanonetworks. 



~ 8 nm nanotube wall thickness, even though the total surface area 
per unit mass was increased. Consistent with our present findings, it 
was previously demonstrated that band gap energy of Ti0 2 and ZnO 
nanoparticles increases with decreasing nanoparticle size due to the 
physical confinement of electrons and holes 38 " 40 . Through nanos- 
tructuring, excited- state electron-hole pairs' bulk recombination 
process becomes less dominant, and redox potential difference 
between conduction-band electrons and valence-band holes 
increases due to the quantum confinement effect, which overall 
enhances the photocatalytic activity. However, when the nanostruc- 
ture dimension is lowered below a certain limit, surface charge 
recombination process may become dominant and most of the elec- 
tron-hole pairs generated sufficiently in the proximity of the surface 
undergo rapid quenching before the interfacial charge transfer pro- 
cess happens 41 . Additionally, due to quantum confinement effect at 
smaller nanometer dimensions, energy gap between valence band 
and conduction band states increases and only sufficiently high 
energy portion of the photons can initiate the catalytic activity 38 . 
Overall, these effects may significantly lower the photocatalytic per- 
formance of the nanostructures below a certain size limit. Based on 
the comparison with the nanoparticle-based semiconductor materi- 
als, we conclude that the optimal size in Ti0 2 and ZnO nanonet- 
works for photocatalytic efficiency may be caused by the wall 
thickness rather than the diameter of the nanotube 42,43 . 

The sharp difference in photoexcitation properties of surface 
immobilized nanostructures and the flat surface was due to gained 
specific surface area through nanostructuring 24 . Both Ti0 2 and ZnO 
nanonetworks remained intact after the photoexcitation experi- 
ments. Surface-immobilized intact nanonetworks of Ti0 2 and ZnO 
ensured reusability of the photoactive surface, as well. In order to 
further study the advantage of nanostructuring on the photoexcita- 
tion efficiency, we next compared peptide nanofiber template-based 
synthesized anatase Ti0 2 nanonetwork to template-free solution- 
synthesized anatase Ti0 2 . The accessible surface area was strikingly 
different between templated and non-templated anatase mater- 
ials confirmed by higher physical adsorption kinetics and total 
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adsorption of methylene blue on templated anatase Ti0 2 network 
(Supplementary Fig. SlOd). 

Overall, we demonstrate a facile and reliable fabrication method 
for Ti0 2 and ZnO semiconductor nanonetworks by using self- 
assembled peptide amphiphile nanofiber network as templates. 
Apart from the traditional organic templates in wet chemistry, we 
used a fully dried, three-dimensional (cm scale), highly inter- 
connected supramolecular nanofibrous network template, which 
enabled ALD precursors to be homogenously deposited with excep- 
tional conformity. The wall thickness of the inorganic nanotubes can 
be precisely controlled by simply altering the number of ALD cycles. 
Decrease in the wall thickness of both Ti0 2 and ZnO caused hypso- 
chromic shift in UV absorbance. Ti0 2 and ZnO nanonetworks 
demonstrated superior photoexcitation properties compared to the 
unstructured Ti0 2 and ZnO substrates because of the enhanced 
surface area with nanostructured morphology. On the other hand, 
anatase Ti0 2 and hexagonal wurtzite ZnO nanonetworks are found 
to be dependent on both the wall thickness and total surface area per 
unit of mass. Importantly, immobilization of the semiconductor 
materials on a solid support enable recycling of the photoactive 
surface. Further studies can be extended to other transition metals 
and their compounds, such as oxides, nitrides, and sulfides. As a 
result of the rapid and convenient scaling of the peptide nanofibers 
into macro-size networks, new opportunities could be available for 
fabrication of nanonetworks for a wider range of inorganic materials. 

Methods 

Materials. All reagents used in this study were purchased from Sigma- Aldrich, 
Merck, Fisher Scientific, ABCR, or Alfa-Aesar as analytical grade and were used 
without any further purification. 

Synthesis and characterization of peptide amphiphile molecule. Fmoc solid phase 
peptide synthesis method was employed to synthesize Lauryl-Val-Val-Ala-Gly-Lys- 
Dopa-Am (Dopa-PA). Rink Amide MBHA resin (Novabiochem®) was used as the 
solid support. Carboxylate group activation of 2 mole equivalents (equiv.) of amino 
acids was succeeded by 1.95 mole equiv. of N,N,N',N'-Tetramethyl-0-(lH- 
benzotriazole- 1 -yl) uronium hexafluorophosphate (HBTU), and 3 mole equiv. of 
diisopropylethylamine (DIEA) for 1 mole equiv. of functional sites on the solid resin. 
Fmoc groups were removed prior to each coupling step with 20% piperidine/ 
dimethylformamide for 20 min. Amino acid coupling time was set to be 2 h at each 
cycle. Laurie acid was used as the source of lauryl group and its coupling mechanism 
was similar to amino acid coupling. After synthesis, all protecting groups were 
removed using a cleavage cocktail containing 95% trifluoroacetic acid (TFA), 2.5% 
water, and 2.5% triisopropylsilane. Excess TFA was removed by rotary evaporation 
followed by precipitation in diethyl ether overnight. The precipitate was collected and 
dissolved in ultra-pure water. This solution was frozen at — 80° C followed by freeze- 
drying for one week. Residual TFA was removed by dissolving the whole batch in 
dilute HQ solution and freeze- drying. Small molecular contaminants and the 
remaining salts were removed through dialysis using a cellulose ester dialysis 
membrane with molecular-weight-cut-off of 100-500 Da. After dialysis, Dopa-PA 
molecules were once more freeze-dried and their purity was assessed using Agilent 
6530 quadrupole time of flight (Q-TOF) mass spectrometry with electrospray 
ionization (ESI) source equipped with reverse-phase HPLC. Dopa-PA as synthesized 
and used with > 95% purity (Supplementary Fig. S2). 

Template preparation. Template preparation procedure is schematically illustrated 
in Figure 1. To induce self-assembly, 1 wt% Dopa-PA solution (pH ~ 3) was casted 
onto the silicon wafer, which served as a solid support. The pH was then shifted to 
— 10, which triggered rapid gelation followed by covalent crosslinking of the peptide 
network (Fig. lc). In order to prepare the ALD template, 1 wt% Dopa-PA hydrogel 
was formed in situ on a solid support {ca. 2 mm in height and ca. 0.8 cm in diameter). 
After 10-15 min incubation in a humidified environment, hydrogels were 
dehydrated with ethanol for critical point drying (Tourismis Autosamdri®-815B). 
Dried samples immobilized on the solid substrates were used for ALD. 

Atomic layer deposition of Ti0 2 and ZnO. Ti0 2 and ZnO layers were deposited by 
ALD using Ti(NMe 2 ) 4 , Et 2 Zn, and H 2 0 as titanium, zinc, and oxygen precursors, 
respectively. Ti(NMe 2 ) 4 was preheated to 75°C and stabilized at this temperature 
prior to depositions. Depositions were carried out at 150°C in Savannah S100 ALD 
reactor (Cambridge Nanotech Inc.) using N 2 as the carrier and purge gas. Exposure 
mode (a trademark of Cambridge Nanotech Inc.) was applied, in which dynamic 
vacuum was switched to static vacuum just before the precursor and oxidant pulses, 
and switched back to dynamic vacuum before the purging periods after waiting for 
some time, i.e., exposure time. This special mode allowed time for precursor and 
oxidant molecules to diffuse into the highly porous, three-dimensional network of 



Dopa-PA nanofibers. N 2 flow rate, which is normally 20 standard cubic centimeters 
per minute (seem), was set to 10 seem just before dynamic vacuum was switched to 
static vacuum. One growth cycle of Ti0 2 consisted of Ti(NMe 2 ) 4 pulse (0.1 s) and 
exposure (10 s), N 2 purge (20 s), H 2 0 pulse (0.015 s) and exposure (10 s), and N 2 
purge (20 s). Ti0 2 depositions were also carried out using tripled exposure and purge 
times, i.e., 30 s and 60 s, respectively. One growth cycle of ZnO consisted of Et 2 Zn 
pulse (0.015 s) and exposure (20 s), N 2 purge (30 s), H 2 0 pulse (0.015 s) and 
exposure (20 s), and N 2 purge (30 s). Another set of ZnO depositions was carried out 
using tripled exposure and purge times, i.e., 60 s and 90 s, respectively, with no N 2 
flow after the first 30 s of exposure. For comparative purposes, Ti0 2 and ZnO films 
were deposited on solvent-cleaned, 5% HF-dipped Si wafers. Standard ALD mode 
was applied with the same precursor pulse and purge times used for the exposure 
mode. Growth rates of Ti0 2 and ZnO films at 150°C were measured by 
spectroscopic ellipsometry (V-VASE, J.A. Woollam Co.) as 0.51 A/cycle and 
1.53 A/cycle, respectively. 

Characterization of Ti0 2 and ZnO nanonetwork. The morphology and chemical 
composition of Ti0 2 and ZnO nanonetworks were characterized using a field 
emission scanning electron microscope (FEI Quanta 200 FEG) coupled with an 
energy dispersive X-ray spectrometer. Bare peptide networks were sputter coated 
with 5 nm gold/palladium prior to SEM imaging. Ti0 2 and ZnO deposited networks 
were investigated without any further coating. TEM and STEM images were acquired 
by using a FEI Tecnai G2 F30 TEM operating at 300 kV. To visualize Dopa-PA 
nanofibers, negative staining with uranyl acetate was performed. Ti0 2 and ZnO 
deposited nanofibers were visualized without any staining procedure. Nitrogen 
adsorption-desorption isotherms at 77 K were measured on an Auto sorb -iQ win™ 
automated gas sorption analyzer from Quantachrome® Instruments was employed. 
A PANalytical X'Pert Powder Diffractometer was used to reveal the crystal structure 
of Ti0 2 and ZnO nanonetworks. All data were recorded by using Cu K a radiation in 
the range of 20 = 20°- 100° and with the spinning rate of 16 rpm in order to achieve 
homogenous data acquisition from samples. A thermogravimetric analyzer (TGA) 
(Q500, TA Instruments) was used to quantify the organic-inorganic composition of 
the ALD deposits. The temperature was ramped from 25 to 500 with 20°C min -1 
heating rate in the presence N 2 . After 500°C, N 2 was switched to 0 2 and heating was 
continued to 700°C with the same rate. A Thermo Scientific X-ray photoelectron 
spectrometer with Al K a micro-focused monochromatic X-ray source and with ultra- 
high vacuum (—10-9) was utilized. The pH of Dopa-PA solution was prepared at pH 
~ 3 and used immediately after it is dissolved in order to prevent spontaneous 
oxidation. 

Photoexcitation reactions. Amorphous Ti0 2 was calcined to obtain anatase phase. 
For this, a gradient heating protocol (250°C for 1 h, 350°C for 30 min and 450°C for 
30 min, sequentially) was applied, through which agglomeration of the 
nanostructures was prevented. To remove the peptide core, ZnO samples were 
calcined with the same protocol applied to the Ti0 2 samples. Photocatalytic reactions 
in Supplementary Figure S9 were carried out by immobilizing photocatalysts on 
silicon supports. Network- templated Ti0 2 and ZnO samples were prepared as shown 
in Figure 1 with 350 and 100 cycles, respectively. As a control of nanostructured 
material, silicon surfaces with the same projection area were coated with Ti0 2 and 
ZnO using ALD with 350 and 100 cycles, respectively. The photocatalyst surfaces 
were dipped into 2 X 10" 5 M aqueous methylene blue solution and irradiated by 
365 nm light source. UV-Vis spectrum of the dye was collected for 7 h with one or 
half-an-hour intervals using a spectrophotometer (Cary 5000, Varian). The reactions 
in Figure 6 were carried out using 0.87 mg templated anatase Ti0 2 and 0.87 mg non- 
templated, solution- synthesized anatase in 2 X 10~ 5 M of methylene blue aqueous 
solution. For this purpose 39.3 uL of 95% Ti(0-i-Pr) 4 was added to 5 mL of pure 
ethanol and agitated by magnetic stirrer for 3 h. Solvent was removed and sample was 
calcined as described above. The photocatalysts used in this experiment were 
powdered in a mortar to obtain fine-grained particles. TEM images of the powdered 
nanonetworks were similar to Figure 4, Supplementary Figures S5 and S7. In order to 
test dye adsorption, samples were prepared similarly to photocatalytic experiment, 
only the test was carried out in the absence UV. As a result, decrease in the absorbance 
signal was attributed to physical adsorption of the dye molecules onto the 
photocatalyst surfaces. Samples of the photocatalytic reactions in Supplementary 
Figure S10 were prepared similar to shown in Figure 1 followed by calcination and 
powdering in a mortar prior to obtaining fine grained particles. 0.5 mg Ti0 2 and 
1.1 mg ZnO were used in 2 X 10" 5 M aqueous methylene blue solution irradiated by 
365 nm light source. 
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